Autism spectrum disorder (ASD) is a heterogeneous, highly heritable neurodevelopmental syndrome characterized by impaired social interaction, communication, and repetitive behavior. It is estimated that hundreds of genes contribute to ASD. We asked if genes with a strong effect on survival and fitness contribute to ASD risk. Human orthologs of genes with an essential role in pre-and postnatal development in the mouse [essential genes (EGs)] are enriched for disease genes and under strong purifying selection relative to human orthologs of mouse genes with a known nonlethal phenotype [nonessential genes (NEGs)]. This intolerance to deleterious mutations, commonly observed haploinsufficiency, and the importance of EGs in development suggest a possible cumulative effect of deleterious variants in EGs on complex neurodevelopmental disorders. With a comprehensive catalog of 3,915 mammalian EGs, we provide compelling evidence for a stronger contribution of EGs to ASD risk compared with NEGs. By examining the exonic de novo and inherited variants from 1,781 ASD quartet families, we show a significantly higher burden of damaging mutations in EGs in ASD probands compared with their non-ASD siblings. The analysis of EGs in the developing brain identified clusters of coexpressed EGs implicated in ASD. Finally, we suggest a high-priority list of 29 EGs with potential ASD risk as targets for future functional and behavioral studies. Overall, we show that large-scale studies of gene function in model organisms provide a powerful approach for prioritization of genes and pathogenic variants identified by sequencing studies of human disease.
Autism spectrum disorder (ASD) is a heterogeneous, highly heritable neurodevelopmental syndrome characterized by impaired social interaction, communication, and repetitive behavior. It is estimated that hundreds of genes contribute to ASD. We asked if genes with a strong effect on survival and fitness contribute to ASD risk. Human orthologs of genes with an essential role in pre-and postnatal development in the mouse [essential genes (EGs)] are enriched for disease genes and under strong purifying selection relative to human orthologs of mouse genes with a known nonlethal phenotype [nonessential genes (NEGs) ]. This intolerance to deleterious mutations, commonly observed haploinsufficiency, and the importance of EGs in development suggest a possible cumulative effect of deleterious variants in EGs on complex neurodevelopmental disorders. With a comprehensive catalog of 3,915 mammalian EGs, we provide compelling evidence for a stronger contribution of EGs to ASD risk compared with NEGs. By examining the exonic de novo and inherited variants from 1,781 ASD quartet families, we show a significantly higher burden of damaging mutations in EGs in ASD probands compared with their non-ASD siblings. The analysis of EGs in the developing brain identified clusters of coexpressed EGs implicated in ASD. Finally, we suggest a high-priority list of 29 EGs with potential ASD risk as targets for future functional and behavioral studies. Overall, we show that large-scale studies of gene function in model organisms provide a powerful approach for prioritization of genes and pathogenic variants identified by sequencing studies of human disease.
essential genes | mouse knockouts | mutational burden | autism spectrum disorder | coexpression modules A utism spectrum disorder (ASD) is a heterogeneous, heritable neurodevelopmental syndrome characterized by impaired social interaction, communication, and repetitive behavior (1, 2) . The highly polygenic nature of ASD (3) (4) (5) suggests that the analysis of the full spectrum of sequence variants in hundreds of genes will be necessary for deeper understanding of disrupted neuronal function. Prioritization of ASD risk genes initially focused on known pathways with recognized relevance to pathogenesis of ASD, such as synaptic function and neuronal development (6) . However, combined analyses of de novo, inherited, and case-control variation in over 2,500 ASD parentchild nuclear families identified around 100 genes contributing to ASD risk (7) (8) (9) , converging on pathways implicated in transcriptional regulation and chromatin modeling in addition to synaptic function.
The main challenge in the current understanding of genetic architecture of ASD comes from a need to study the interplay between variants with a high effect (for example, recurrent de novo variants) and a background of variants with an intermediate effect but that nevertheless still disrupt proper neuronal development. Essential genes (EGs) or genes that are necessary for successful completion of pre-and postnatal development are prime candidates for the source of this background or load of variants with a cumulative intermediate effect. EGs are highly enriched for human disease genes and under strong purifying selection (10) (11) (12) (13) (14) . In addition to intolerance to loss-of-function and deleterious mutations, the functional impact of EGs is reflected by haploinsufficiency that is commonly observed in heterozygous mutations (11, 15) . In addition to their role in defining a "minimal gene set" (16, 17) , EGs tend to play important roles in protein interaction networks (18) . Therefore, one may consider that EGs are involved in rate-limiting steps that affect a range of disease pathways (19) .
Recently, three large-scale screens (gene trap and CRISPRCas9) have been performed to assess the effect of single-gene mutations on cell viability or survival of haploid human cancer cell lines ("cell-based essentiality") (20) (21) (22) . These studies identified an overlapping core set of genes that were essential in the majority of cell lines tested (n = 956), although a subset of genes were essential in specific cell lines. In an alternative and complementary approach, we assembled a catalog of human orthologs of EGs in the mouse (n = 3,326) (14) based on the organismal-level phenotypes of loss-of-function mouse mutants from the Mouse Genome Informatics (MGI) database (23) and the International Mouse Phenotyping Consortium (IMPC) web portal (24) . Based on these data, homozygous loss-of-function mutations in 3,326 genes lead to prenatal or preweaning lethality, with a significant overlap between the core set of human cell EGs and human orthologs of EGs in the mouse (14) . These studies are consistent with 30% (or ∼6,000) of protein-coding genes to be essential for pre-and postnatal survival (14, 25) .
A deeper understanding of the mutational spectrum of EGs in a neurodevelopmental disorder, such as ASD, is important, because EGs are less likely to be redundant, are more likely to have functional consequences when mutated, and may produce a gradation of phenotypes (25) . Our previous work reported an enrichment of EGs among genes with de novo mutations in ASD
Significance
Essential genes (EGs) are necessary for survival and the development of an organism. Our study is focused on investigating the role of EGs in autism spectrum disorder (ASD). With a comprehensive catalog of 3,915 mammalian EGs, we show that there is both an elevated burden of damaging mutations in EGs in ASD probands and also, an enrichment of EGs in known ASD risk genes. Moreover, the analysis of EGs in the developing brain identified clusters of coexpressed EGs implicated in ASD. Overall, we provide evidence that genes that are essential for survival and fitness also contribute to ASD risk and lead to the disruption of normal social behavior.
patients (11) . Several groups reported an enrichment of de novo and rare inherited single-nucleotide loss-of-function variants in ASD probands (8, 26) , although there is a depletion of damaging mutations in ASD risk genes in population controls (12, 27, 28) . In this report, we compiled, to our knowledge, the most comprehensive list of human EGs and extended the analysis to both de novo and inherited damaging variants in 1,781 ASD families. In addition to disease status, we further showed the effect of damaging variants in EGs on ASD-related traits, such as the social skill measurement in 2,348 ASD probands. Finally, we performed coexpression analysis of EGs in the developing human brain to identify clusters of interacting EGs that contribute to ASD risk and suggest ASD candidate genes.
Results
To identify the most comprehensive set of EGs in mammals, we combined the set of human orthologs of EGs in the mouse (n = 3,326) (14) with a set of human "core EGs" (n = 956) that were found to be essential in cell-based assays (20) (21) (22) . Based on a significant overlap between tested mouse and human EGs (14), we expanded our original set of 3,326 EGs with the addition of nonoverlapping 589 EGs identified only in human cell lines for a total of 3,915 EGs (SI Materials and Methods and Dataset S1). In our subsequent analyses, we compared features of and genetic variation in these EGs with 4,919 human orthologs of genes with reported nonlethal phenotypes in the mouse [nonessential genes (NEGs)].
Homozygous loss-of-function mutations in EGs lead to lethality (or miscarriages in humans) and as such, cannot contribute to disease. Although we and others reported a depletion of loss-of-function mutations in EGs in humans (11, 12, 14) , heterozygosity for a loss-of-function mutation or other "milder" alleles in EGs may contribute to both dominant and recessive diseases. We illustrated this point using a catalog of diseaselinked genes in Online Mendelian Inheritance in Man (29) (SI Materials and Methods); EGs were enriched relative to NEGs in 1,000 genes underlying dominant diseases (odds ratio = 1.95, P value = 3.17 × 10 −19 ; two-sided Fisher's exact test) and 1,645 genes underlying recessive disease (odds ratio = 1.52, P value = 4.94 × 10 −11 ; two-sided Fisher's exact test) (Fig. 1A) . A stronger enrichment of EGs among genes underlying dominant disease implies that dominant negative alleles and haploinsufficiency play an important role. We provide multiple lines of evidence for higher probability of haploinsufficiency of EGs ( Fig. 1A and SI Materials and Methods). First, using the systematically rated dosage-sensitive genes from ClinGen (30), we found that EGs were significantly enriched compared with NEGs and that the levels of EG enrichment positively correlated with levels of evidence supporting dosage sensitivity of rated genes (odds ratio = 3.94, P value = 5.07 × 10 −20 for "sufficient evidence"; odds ratio = 5.26, P value = 7.08 × 10 −5 for "some evidence"; odds ratio = 2.52, P value = 0.0106 for "little evidence"; odds ratio = 1.14, P value = 0.608 for "not dosage sensitive"; two-sided Fisher's exact test). Second, as an extension of the earlier findings from the work by Georgi et al. (11), we confirmed the enrichment of EG relative to NEG for 262 human haploinsufficient genes (31) with the updated EG and NEG list (183 EGs vs. 62 NEGs; P value = 1.64 × 10 ; two-sided Fisher's exact test). Fourth, with two genome-wide prediction models of haploinsufficient genes in the human genome (32, 33) , we observed that EGs have significantly higher probability of exhibiting haploinsufficiency compared with NEGs (P value < 2.2 × 10 −16 for both models; two-sided Wilcoxon rank sum test) ( Fig. 1 B and C and SI Materials and Methods). Based on our findings that EGs linked to Mendelian disease are overwhelmingly dosage-sensitive, we explored the possibility that a cumulative effect of pathogenic variants in multiple EGs may underlie the genetic basis of a complex disease with early postnatal onset, such as ASD.
To address a possible cumulative effect of variants in EGs in ASD in a larger cohort of 1,781 ASD quartet families (with 1,781 probands and 1,781 siblings) from the Simons Simplex Collection (34), we acquired de novo and rare inherited mutations from the exome sequencing data of these families (8, 26) . We examined the individual mutational burden defined by the number of de novo loss-of-function (dnLoF), de novo nonsynonymous damaging (dnNSD), and inherited rare damaging (inhRD) mutations per individual (Fig. S1 , SI Materials and Methods, and Datasets S2-S4). On average, an ASD proband carried 0.06 dnLoF, 0.21 dnNSD, and 10.74 inhRD mutations in EGs. The mutational burden in EGs was significantly elevated in ASD probands compared with unaffected siblings for the three classes of variants considered (P value = 4.75 × 10 −7 for dnLoF, P value = 3.41 × 10 −4 for dnNSD, and P value = 0.017 for inhRD; one-sided Wilcoxon signed ranked test) ( Fig. 2A and Table S1 ). In contrast, no significant difference in mutational burden in NEGs was observed (P value = 0.10 for dnLoF, P value = 0.069 for dnNSD, and P value = 0.75 for inhRD) (Table S1 ). Interestingly, 10,823 genes that are currently not assigned as EG or NEG (i.e., phenotypically uncharacterized in mouse knockouts and human cellbased assays) have a moderately elevated burden of dnLoF but not dnNSD and inhRD variants in ASD probands (P value = 0.0042) (Table S1) . Notably, the effect sizes of EG burden in each variant type correspond to our understanding of the severity of the variant type; de novo mutations, which are expected to have a larger functional impact, also display the strongest difference between ASD probands and unaffected siblings (effect size = 0.117 for dnLoF; effect size = 0.079 for dnNSD; Cohen's d). In contrast, inherited mutations are expected to have a moderate functional impact, and a smaller difference is observed between probands and siblings (effect size = 0.042 for inhRD). Although we observed marginally increased burden of dnLoF and dnNSD mutations in EGs in female (n = 325) compared with male (n = 2,043) probands (Table S2) , the analysis of families divided by gender of proband-sibling pairs (female-female, male-female, female-male, and male-male) showed that gender bias does not underlie the observed differences in mutational burden between probands and siblings (Table S3) .
To evaluate the effect of rare damaging mutations in EGs on ASD-associated traits, we used the available quantitative phenotype data on social and cognitive impairments in ∼2,500 ASD families from Simons Simplex Collection (8, 26) (Dataset S2). As a measure of sociability, we used the total raw score from the Social Responsiveness Scale (SRS) (35) , and as cognitive measures, we used three different intelligence quotient (IQ) scores (full-scale IQ, verbal IQ, and nonverbal IQ). As previously reported (36) , SRS scores were unrelated to IQ, especially in subjects with IQ higher than 50 (Fig. S2) . In male probands, we observed that the mutational burden in EGs was positively correlated with the SRS total raw score (P value = 1.08 × 10 −6 ; Poisson regression) ( Table 1 ). The effect was not significant in NEGs (P = 0.21). In female probands, mutational burden in NEGs but not EGs was negatively correlated with SRS total raw score (P = 0.085 for EG and P = 6.06e-06 for NEG). In addition, we found that mutational burden in both EGs and NEGs had a significant effect (P value < 2.2 × 10 −16 ) on verbal and nonverbal IQ scores and that the effect sizes of mutational burden in EGs and NEGs were comparable (Table S4 ). These results suggest that, in ASD probands, deleterious variants in EGs contribute to decreased social skills in males, whereas deleterious variants in both EGs and NEGs lead to decreased IQ.
To initially explore the overlap between EGs and known ASD genes, we examined the essentiality status of ∼500 ASD candidate genes from the Simons Foundation Autism Research Initiative (SFARI) AutDB database (updated December of 2015) (37) (Fig. 2B) . Compared with NEGs, EGs were enriched among ASD candidates categorized as "syndromic" (category S: odds ratio = 3.95, P value = 0.0003; two-sided Fisher's exact test), candidates with "high confidence" (category 1: odds ratio = 15.12, P value = 0.0004), and candidates with "suggestive evidence" (category 3: odds ratio = 2.14, P value = 0.0006). Trends of enrichment of EGs were also observed for "strong candidates" (category 2: odds ratio = 1.62, P value = 0.21). We did not observe enrichment of EGs among candidate genes with less supportive evidence (categories 4-6).
To further address whether EGs contribute to ASD risk, we compared the strength of ASD association signals between EGs and NEGs in data from a recent comprehensive analysis of ASD genomic architecture (9) , where the transmission and de novo association (TADA) test (38) (Table S1 ). The analyses were performed separately for 3,915 EGs (red) and 4,919 NEGs (turquoise). The individual mutational burden is defined by the number of dnLoF, dnNSD, and inhRD mutations per individual. Effect sizes were measured by Cohen's d, which is defined as the difference between both means divided by the SD of the paired differences. The estimated 95% confidence intervals of effect sizes were plotted (SI Materials and Methods Coefficients for Poisson regression are shown, which model the relationship between SRS total raw score and individual burden of all rare damaging mutations (including dnLOF, dnNSD, and inhRD mutations). *The P value with statistical significance with positive estimated effects (P value < 0.05; estimate > 0). association based on combined evidence from de novo singlenucleotide variants (SNVs), de novo small deletions, and rare inherited variants from Simons Simplex Collection cohorts as well as case-control data from Autism Sequencing Consortium (ASC) cohorts (39 ; one-sided Fisher's exact test). In a broader set of 441 "potential" TADA ASD genes (TADA FDR < 0.5), EGs were also enriched compared with NEGs (132 EGs vs. 117 NEGs; odds ratio = 1.43, P value = 0.00537). Furthermore, by comparing the observed TADA FDR with the expected TADA FDR, we detected a strong deviation from the null distribution in EGs, especially in 132 EGs with potential ASD association (TADA FDR < 0.5) (Fig. 2C) . In contrast, NEGs were not enriched for association relative to the background expectation, suggesting that the association signals between EGs and ASD were stronger and less likely to be false positive compared with NEGs.
It is our hypothesis that a cumulative effect of deleterious variants in several EGs, within the same pathway or across pathways may underlie impaired brain development and individual's ASD risk. To identify clusters of potentially interacting genes, we evaluated the spatiotemporal expression of EGs and NEGs using RNA sequencing (RNA-seq) data from BrainSpan (40) . We identified 41 coexpression modules with distinct expression patterns across 16 brain regions and 31 pre-and postnatal time points (Fig. S3 and SI Materials and Methods). We observed that the majority of EG-enriched modules (11 of 14; FDR < 0.1; two-sided Fisher's exact test) (Fig. 3A,  Fig. S3 , and Table S5 ) exhibited an "early-expression" pattern, where the expression levels were higher at early fetal stages (starting from 8 postconceptual weeks) and gradually declined before birth. In contrast, the majority of the NEG-enriched modules (15 of 18) exhibited a "later-expression" pattern, with expression levels that were lower at early fetal stages and gradually increased until birth.
We found that EGs in three EG-enriched modules (M01, M02, and M16) were significantly enriched (FDR < 0.1; onesided Fisher's exact test) for 441 potential TADA ASD genes (Fig. 3A) . Notably, all of the three modules were also EGenriched and early-expressed across fetal brain regions (Fig. 3 A  and B) . From the pathway enrichment analysis of these EGenriched modules in the Reactome database (41, 42) , we found that the top pathways enriched included "transcription" (M01), "chromatin modifying enzymes and chromatin organization" (M02), and "axon guidance" (M16) (Table S6 ), in agreement with the insights from recent large-scale autism studies showing that genes for synaptic formation, transcriptional regulation, and chromatin remodeling are disrupted in autism (7) (8) (9) . This combined analysis identified 974 EGs from three modules that are coexpressed with known ASD candidate genes at distinct stages of brain development.
To further prioritize known EGs as candidates for ASD, we constructed a coexpression network for 974 EGs from three modules enriched for potential ASD genes (Fig. 3C and SI Materials and Methods); 844 genes among 974 have a close interaction with highconfidence ASD genes (connected to at least two genes with TADA FDR < 0.1), and 370 genes harbor de novo or inherited loss-offunction mutations in ASD individuals from Simons Simplex Collection or ASC cohorts. Of these, 52 have a TADA FDR less than 0.5. Among 52 genes, 23 have been previously shown to contribute to ASD risk [categories syndromic (S), 1, 2, 3, and 4 in SFARI]. For the remaining 29 EGs that have not yet been linked to ASD risk, we argue that, based on (i) the importance of EGs in ASD etiology as shown by their role in critical developmental stages and the increased burden of rare, damaging mutations in ASD individuals; (ii) their coexpression with high-confidence ASD genes in brain; and (iii) the suggestive genetic evidence from the TADA analysis, these 29 EGs represent the strongest candidates for additional investigation in their role in ASD (Fig. S4 and Table S7 ). According to available mouse phenotypes from the MGI (23) and the IMPC (24), 11 of these 29 EGs have reported heterozygous phenotypes in mice (Table S7) . Among them, four EGs (CHD1, FBXO11, KDM4B, and VCP) have been associated with abnormal neural development and/or behavioral phenotypes in heterozygotes.
Discussion
We provide multiple lines of evidence suggesting that deleterious variants in EGs have a cumulative effect on ASD risk. Using the most comprehensive list of 3,915 EGs established to date, we show that there is both an elevated burden of damaging mutations in EGs in ASD probands and also, an enrichment of EGs in the recently identified high-confidence ASD-associated genes.
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M16 M02 M01 Moreover, the analysis of EGs in the developing brain identified clusters of coexpressed EGs implicated in ASD, including 29 EGs functionally related to previously identified ASD risk genes.
We find that ASD individuals have a higher burden of mutations in EGs compared with their unaffected siblings. It is notable but not surprising that this effect is particularly pronounced when considering de novo mutations, because this class of mutations is only subject to selection pressure after originating in the individual and has exhibited some of the most prominent associations with the risk of ASD (8, (43) (44) (45) . Similarly, a moderately increased burden of dnLoF variants in ASD probands was detected with a group of 10,823 phenotypically uncharacterized genes. Based on current estimates, one-fifth of these uncharacterized genes (∼2,000) are expected to be EGs, which may explain the higher mutational burden of dnLoF variants in ASD probands. Recent studies have begun to show that additional genetic factors, such as rare and common inherited variations, also contribute to ASD (26, 46) . Our result supports this finding, showing that inherited, rare, damaging mutations in EGs also have a significant effect on ASD risk. Furthermore, we show an EG-specific effect on social responsiveness, a measure of the social aspects of ASD. In contrast, mutational burden in both EGs and NEGs has an effect on IQ measures. Complex social behaviors result from a range of different cognitive processes; however, in ASD subjects, there is a striking dissociation in the level of impairment in social interaction or communication and general cognitive abilities (as measured by IQ) (36) (Fig. S2) . Moreover, studies in model organisms clearly show a fetal origin for social behavior deficits (47) . Our results are in line with these findings and suggest that, although a higher mutational burden over all genes may have consequences on IQ, mutational burden in a set of genes with a role at critical early developmental stages influences the development of social behavior. Moreover, our findings are also further supported by the recent report that genomic regions that are under accelerated evolution have essential functions in the human brain development and when mutated, may cause increased risk for autism (48) . Therefore, understanding the regulatory landscape of dosage-sensitive EGs expressed at critical stages of brain development may reveal risk alleles for many neurodevelopmental and psychiatric disorders.
The analysis of the overlapping set of Simons Simplex Collection ASD families by several groups using complementary approaches led to the identification of around 100 ASD risk genes and the finding of a depletion of damaging mutations in ASD risk genes (12, 27, 28) . We show that a significant number of reported ASD risk genes are essential for survival and fitness and therefore, have a distinctive mutational spectrum, providing a biological foundation for this intolerance to damaging mutations. Of the spectrum of existing alleles, homozygosity or compound heterozygosity for loss-of function alleles will never be observed. Also, because of synthetic lethality, some combinations of mutations in EGs are eliminated. Therefore, individuals will have only a subset of "milder" coding or regulatory alleles. The current list of candidate genes consists of 100 (high-confidence ASD genes) to 400 genes (potential ASD genes) (9) . It is striking that our study provides strong statistical evidence for the aggregate effect across 3,915 EGs impacting risk for this neurodevelopmental disorder. A recent SNP-based heritability study reported the extreme polygenicity of schizophrenia, with 70% of 1-Mb genomic regions harboring schizophrenia risk alleles (49) . Assuming a similar genetic architecture in ASD and schizophrenia, genomic maps of EGs with "surviving" deleterious and regulatory variants in ASD probands represent a complementary approach for the analysis of combinations of culprit genes or alleles.
Because of the fundamental functional role of EGs in an organism, genetic variants in these genes are likely to contribute to many traits and diseases as reflected by the previous finding that EGs are enriched for human disease genes (11, 13, 14) . Our study is focused on a specific neurodevelopmental disorder-ASD-because it has been suggested that ASD has its roots in abnormalities in prenatal brain development (50) (51) (52) . Specifically, our analysis of the temporal expression patterns of coexpressed gene modules in the developing brain shows that genes in three EGenriched coexpression modules implicated in ASD are expressed at a high level at the earliest stages of brain development, as early as 8 weeks after conception. In contrast, at later stages of brain development, the expression levels of genes in these EG-enriched modules decrease, whereas the expression levels of genes in NEG-enriched modules increase. This finding suggests that EGs have a distinctive influence at some of the earliest brain developmental stages as previously reported for constrained genes (53) and genes in functional networks perturbed in ASD (54) . However, it is not clear whether the contribution of EGs is specific to ASD or widespread across disorders with various underlying mechanisms. A comparison of the burden of deleterious variants in EGs across other complex disorders, including those with a later onset, is warranted.
Each individual can carry a number of deleterious mutations, each of which can have a small effect. Because brain function may be particularly sensitive to mutation accumulation, identifying a specific set of genes in which mutations have a behavioral effect will assist us in understanding how mutation accumulation within an individual can result in a phenotype, such as ASD. Hallmarks of ASD are phenotypic heterogeneity, frequent comorbidities, and that no specific brain region or cell type is uniquely implicated (5), further supporting the role of genes with a global effect on embryonic and fetal development. Here, we provide evidence that genes that are essential for survival and fitness also contribute to ASD risk and lead to the disruption of normal social behavior.
Materials and Methods
Identification of EGs. Mouse Phenotype (MP) terms for the annotation of EGs are listed in Table S8 . More details on identification of the catalog of EGs are in SI Materials and Methods. (9) . For each gene set of interest (i.e., 3,915 EGs or 4,919 NEGs), the null distribution of TADA FDR q values was generated by randomly resampling with replacement. Within one iteration of the resampling procedure, the TADA FDR q value of a random gene from the tested 18,665 genes was obtained for each gene in the gene set of interest. The resampled TADA FDR q values were then ranked from low to high. The resampling procedure was repeated for 100,000 iterations. For each observed TADA FDR q value ranked from low to high, the median of 100,000 resampled q values with the same rank was considered the expected TADA FDR q value. The 2.5th and 97.5th percentiles of 100,000 resampled q values were considered the estimated 95% confidence intervals of each expected TADA FDR q value. The observed FDR q values were then compared with the expected FDR q values.
Construction of Coexpression Modules and Coexpression Network in Brain.
Details on construction of coexpression modules and coexpression network in the developing human brain are in SI Materials and Methods.
Pathway Enrichment Analysis. We performed pathway enrichment analysis in the Reactome database (42) using Enrichr (55) for three EG-enriched modules (M01, M02, and M16) that were also enriched for potential ASD genes (Table S6 ). The enriched pathways were ranked by P values with BenjaminiHochberg adjustment (FDR q values) from the Fisher's exact test.
Code Availability. Details on availability of code used to generate reported results are in Table S9 .
